We investigate transresistance effects in electron-hole double-layer systems with an excitonic condensate. Our theory is based on the use of a minimum dissipation premise to fix the current carried by the condensate.
The possibility of realizing an excitonic condensate in a system composed of spatially separated layers of electrons and holes was proposed some time ago. [1] Only recently, however has it become feasible [2] [3] [4] [5] to produce systems where the electrons and holes are close enough together to interact strongly and at the same time sufficiently isolated to strongly inhibit optical recombination. Hopes that an excitonic condensate might occur are supported by theoretical work in the strong magnetic field limit [6, 7] where some simplifications occur and the conclusion can be established with greater confidence. In this Letter, we present a theory of the experimental signature of an excitonic condensate in the transport properties of a coupled electron-hole double-layer (EHDL) system. Interest in the coupling of transport coefficients of nearby electron and hole layers due to interactions, long recognized as a theoretical [8] possibility, has increased lately [9] with the advent of accurate experimental measurements. [4, 10] The coupling is revealed most starkly in measurements of the transresistivity; the ratio of the electric field in an electrically open layer to the current density flowing in a nearby layer. The transresistivity is typically [10] several orders of magnitude smaller than the isolated layer resistivity. In our theory, the transresistivity jumps to a value comparable to the isolated layer resistivity as soon as the condensate forms, it continues to increase with decreasing temperature T , and it diverges as T → 0.
The starting point for our theory is a minimum dissipation [11] premise which we use to fix the pair momentum of the condensed excitons in the non-equilibrium current carrying state of the EHDL system. Using a matrix notation for the layer indices (e for electrons, h for holes) we partition the total current density into a superfluid portion (j s = (j sh , j se )) carried by the condensate and a normal portion (j n = (j nh , j ne )) carried by the quasiparticles:
where the superfluid portion is proportional to the pairing momentum P . ( P will be directed along the direction of current flow.) Since it represents the flow of oppositely charged bound pairs j s = (P en pair /m pair )(1, −1) where n pair /m pair is defined by this equation. The physical situations of interest to us will include ones in which the sum of electron and hole currents is not zero so that j n cannot be zero. A quasiparticle current will be generated if electric fields which drive the quasiparticles from equilibrium with the condensate are present in the electron and hole layers. In linear response
(Expressions for n pair /m pair and the quasiparticle transconductivity matrix σ qp based on microscopic theory will be derived below.) A quasiparticle current flowing in the presence of electric fields will dissipate energy at a rate per unit area given by the Joule heating expression:
where ρ qp , the quasiparticle transresistivity matrix, is the inverse of the quasiparticle transconductivity matrix. The pairing momentum of the condensate in the non-equilibrium current carrying state will be the one which allows the prescribed currents to flow through the system with minimum dissipation. Applying this condition we find a surprisingly simple result;
so that the electric fields in electron and hole layers are identical independent of the microscopic transresistivity matrix and the prescribed currents.
Explicit expressions for j s , j n and E can be obtained by combining Eq. ( 1), Eq. ( 2), and Eq.( 4). We find that for prescribed current j = (j h , j e ),
j n = j − j s , and
In Eq. ( 6) ρ cd , which we will refer to as the condensate drag resistivity, is related to the components of the quasiparticle transresistivity and transconductivity matrices by:
We now turn our attention to the evaluation of ρ cd from microscopic theory. We will restrict our attention to the case where the particle densities in electron and hole layers are identical (n e = n h = n) and use a BCS mean-field theory [12] to describe the pairing. We will be able to express our results in terms of the solution to the mean-field gap equations at P = 0. Taking the effective attractive interaction V [13] which enters the BCS equations to be independent of momentum, the gap equations differ from their textbook counterparts only in that the the electron and hole masses (m e and m h ) are not equal. The quasiparticle energies are given by (h = 1)
where
is the Fermi momentum, and ∆ is determined by solving the gap equation:
In Eq.( 9) λ = N(0)V (N(0) is the density of states of free fermions of mass m + and density n) is the usual dimensionless coupling constant [12] of BCS theory, f (E) = (exp(E/k B T ) + 1) −1 , and ω c is the cutoff for the attractive interaction.
The microscopic calculations, which are somewhat lengthy, are similar to common applications of BCS theory for superconductivity in metals. The main steps of this calculation are sketched and the principal results are given below. We first calculate n pair /m pair by evaluating the electron and hole currents to first order in the pairing momentum P when the quasiparticles are in equilibrium with the condensate. For m e =m h this calculation is identical to the calculation of the superfluid density which determines the penetration depth of a superconductor. We find that
The equivalence of the two forms for the right hand side of Eq. ( 10) provides microscopic confirmation of the expectation, used in our minimum dissipation analysis, that the current carried by the electron-hole condensate is equal and opposite in electron and hole layers. In Eq.( 10) the "normal" densities n ne and n nh are given by
where A is the area of the layer, and
where u
We have evaluated the quasiparticle transconductivity in the paired state in a single-loop approximation using a Nambu-Gorkov Green's function formalism [14] . After some standard manipulations this approximation leads to
where i and j are layer indices,
where G is the Nambu-Gorkov matrix Greens function.
In the absence of disorder
where the τ 's are Pauli matrices, so that
and the quasiparticle conductivity diverges as expected. To model disorder we have included a self-consistent Born approximation [14] self-energy correction to the Nambu-Gorkov
Green's function. Assuming zero correlation length for the disorder potential in each layer and no correlation between the disorder in electron and hole layers a series of standard manipulations allows the quasiparticle transconductivity to be expressed in terms of the normal state scattering times for electron and hole layers τ ne and τ nh . We find that
ne , σ 0 ≡ ne 2 τ n α/m + , andτ 0k andτ 1k are the energy dependent scattering times which give the lifetimes of the quasiparticle states in units of τ n :
In Fig.1 we show numerical results calculated from the above expressions for the symmetric case m e = m h , τ ne = τ nh . The results for the nonsymmetric case are qualitatively similar.
The drag resistivity ρ cd ≡ σ 
